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Introduction
Hydroxyapatite (HAP), Ca 10 (PO 4 ) 6 (OH) 2 , is one of the most widely used bioceramics for bone and tooth substitution due to a structural similarity to the mineral part of calcified tissues. In fact, bone mineral is mostly composed of carbonated nanocrystalline apatites corresponding to the general formula Ca 10À(xÀu) (PO 4 ) 6Àx (HPO 4 , CO 3 ) x (OH, F,. . .) 2À(xÀ2u) , with 0 6 x 6 2 and 0 6 2u 6 x [1] [2] [3] [4] . These compounds are non-stoichiometric, with vacancies in cationic and monovalent anionic crystallographic sites. However, in the last decades it has been shown that bone mineral crystals exhibited, on the surface of their constitutive nanocrystals, a hydrated layer [1] [2] [3] [4] [5] mostly containing divalent ions such as Ca 2+ , CO 3 2À and HPO 4
2À
. The high reactivity of biological and synthetic nanocrystalline apatites (ion exchanges, protein adsorption, etc.) is thought to be directly linked to interactions of this structured (but unstable) layer with the surrounding body fluids [3, 4] . Nanocrystalline apatites can be used for the preparation of bioceramics such as bioactive coatings, cements and bulk synthetic ceramics. In the case of bulk biomaterials, the processes used for their preparation generally involve severe sintering conditions such as high temperature (e.g. 1000°C or higher) and long heating periods (several hours). Such treatments are known to strongly alter the physico-chemical characteristics of the initial powders and particularly their surface reactivity (and therefore their biological activity once implanted in vivo) [2, 6, 7] . In addition, non-stoichiometric apatites have been shown to decompose irreversibly at temperatures between 500 and 800°C.
In such severe conditions, hydrated phases are bound to lose their constitutive water. Also, the nanocrystals that may be present before sintering are likely to grow critically in size during the heating process, resulting in a drastic drop in specific surface area. These considerations illustrate the limits of the traditional sintering methods and suggest that other techniques should be investigated, especially when highly reactive hydrated phases are involved.
Spark plasma sintering (SPS) is a relatively new processing technique used for the sintering of various kinds of materials including ceramics, metals, polymers, and composite materials [8] . The heating is obtained by the Joule effect caused by a pulsed direct current (DC) passing through a graphite matrix (die) containing the sample. This process enables fast heating and cooling rates, thus limiting uncontrolled crystal growth, and the sintering temperatures under SPS conditions are often lower than those used in conventional methods [8] .
In the biomedical field, some authors have used SPS to sinter stoichiometric HAP [9] [10] [11] [12] [13] [14] and for post-treating HAP-based plasma-sprayed coatings so as to increase their bioactivity [15] . Composites involving HAP associated with yttria or zirconia were also elaborated by SPS in order to improve mechanical properties [16] . Another use of SPS related to biomedical engineering concerned the preparation of transparent b-TCP ceramics [10, 17] . More recently, Drouet et al. [18, 19] have shown the possibility of consolidating nanocrystalline apatites by SPS at low temperature (6200°C) and pointed out the interest in investigating it in further detail.
The above-cited contributions gave appealing results concerning the use of SPS in the biomaterials field, and have opened interesting perspectives for the consolidation of biomimetic apatites by this technique. The aim of the present contribution was to examine more precisely and in a systematic way the possibilities opened by spark plasma sintering for the consolidation of nanocrystalline apatites at low temperature (lower than 300°C). This work is focused on the thorough physico-chemical characterization of the consolidated bioceramics obtained, in comparison to the starting powder, in view of a better understanding of the consolidation mechanisms involved.
Materials and methods

Synthesis of apatite powders
Non-carbonated nanocrystalline apatites, Ca 10À(xÀu) (PO 4 ) 6Àx (HPO 4 ) x (OH) 2À(xÀ2u) , were synthesized by double decomposition [4] between a calcium nitrate solution (prepared with Ca(NO 3 ) 2 Á4H 2 O) and a di-ammonium hydrogenphosphate solution in excess (prepared with (NH 4 ) 2 HPO 4 ). The calcium solution was rapidly poured into the phosphate solution at room temperature (20°C) and stirred for a few minutes. The large excess of phosphate ions in the solution provided pH buffering at a physiological pH of 7.4 during the whole synthesis process. After precipitation, the apatite samples were left to mature in the mother solution (aging) for one day at room temperature, without stirring, to better approach biomimetic conditions, and in a closed vial to minimize the uptake of CO 2 . After maturation [2] , the precipitate was filtered, thoroughly washed with deionized water, freeze-dried and stored at low temperature (À18°C). These two last steps were used for limiting possible alterations of the hydrated nanocrystals.
Spark plasma sintering (SPS)
The spark plasma sintering experiments were performed on SPS 2080 Sumitomo Coal Mining equipment. This device consists of a uniaxial press with a maximum force of 200 kN and a power supply capable of producing a pulsed DC current with a maximum of 8000 A at 10 V. In the present investigation, DC current was limited to 4000 A and a pulse pattern of 12:2 was always used (meaning 12 pulses of 3.3 ms followed by 2 steps of 3.3 ms with no current).
Apatite powder samples (8.5 g) were placed in a 36-mm graphite die. Thin graphite sheets (Papyex Ò ) were used between the powder and the die to facilitate the removal of the consolidated sample. The filled die was then introduced in the treatment chamber under low mechanical pressure in order to ensure electrical contact of the system. The initial green density was close to 0.35 g cm À3 . The treatment chamber was purged twice under vacuum and then 1 atm argon pressure was applied during the sintering/consolidation process. The temperature and pressure programmed sequences are described in Fig. 1 .
Sample characterization
Both initial powders and consolidated materials were characterized in this work.
X-ray diffraction (XRD) was used to determine the crystal structure of the samples, using a Siemens diffractometer D5000 with a Cu K a1 K a2 radiation. For complementary identification, Fouriertransform infrared (FTIR) spectra were recorded on a Nicolet 5700 spectrometer, using the KBr pellet method, in the range 400-4000 cm À1 (resolution 4 cm
À1
). Raman spectra were recorded on a Jobin Yvon HR 800 spectrometer, from 100 to 3800 cm
, with a laser excitation wavelength of 632.8 nm. Specific surface areas were measured by the Brunauer-Emmett-Teller (BET) method with a Quantachrome Monosorb apparatus. Pore diameter after consolidation was measured with an Hg porosimeter (Micromeritics Autopore 9215). The sample microstructures were investigated by field emission gun scanning electron microscopy (FEG-SEM) (JEOL 7400) equipped with a Gatan Alto 2800 cryogenic system.
Results and discussions
Characterization of initial powder
The purity of the synthesized nanocrystalline apatite powder was checked by XRD (Fig. 2a) . The XRD pattern obtained is similar to those obtained in previous works [1, 2, 4] , and corresponds to a poorly crystallized nanocrystalline apatite, as for bone mineral. The diffraction peaks were indexed in reference to the hexagonal structure of HAP given in the ICDD PDF card 9-432. The peak widths reveal a poor crystalline state and/or the nanometer dimensions of the particles, and depend on the crystallographic orientation (e.g. the texture) which underlines the anisotropy of grain size: (0 0 2) (0 0 4) or (0 0 l) peaks are thinner than (h k 0) ones. The nanometer dimensions (length % 100 nm width % 20 nm) and anisotropy (ratio % 5) of the particles were also observed by cryo FEG-SEM (Fig. 3a) . BET measurement revealed a high specific surface area close to 100 m 2 g À1 . The Ca/P molar ratio, calculated after calcination at 1000°C for 15 h [4] is close to 1.51. This value, noticeably below the value 1.67 observed for stoichiometric HAP, stresses the nonstoichiometric nature of the apatitic phase thus prepared. The FTIR spectrum was recorded on the starting powder. this region was shown in earlier studies [1, 4, 21, 23 ] to include additional phosphate bands which were assigned to non-apatitic chemical environments (not present in well-crystallized stoichiometric HAP). Such non-apatitic environments were linked by Rey et al. [2, 4, 7] to the presence of hydrated layer on the surface of the nanocrystals, and this hydrated layer is thought to play a key role [3, 4] in the biological activity of apatite-based materials. The Raman spectrum of the powder was also recorded and is shown in clear asymmetry of the peak, betraying the presence of a shoulder around 955 cm À1 , which could reasonably be attributed to the vibration of phosphate groups localized in non-apatitic chemical environment [20, [24] [25] [26] since this band is not seen in stoichiometric HAP. Based on the above considerations, special attention has been dedicated to follow FTIR and Raman spectroscopic features in order to check the presence and preservation, after consolidation, of nonapatitic environments associated with the hydrated layer on the nanocrystals (which confers a high surface reactivity).
SPS processing
Influence of the dwell temperature
The dwell temperature during SPS was the first parameter to be investigated in order to follow its influence on the physicochemical properties of the consolidated apatite samples. For these experiments, the mechanical pressure was fixed at 100 MPa (101.6 kN) and several temperatures were tested: 25, 75, 100, 125, 150, 200, 250 and 500°C. The samples prepared were then named following the notation S''temperature"C-''pressure": for example a sample obtained after SPS treatment at 150°C and 100 MPa is referred to as sample ''S150C-100".
Samples obtained (before graphite elimination) are shown in Fig. 6a . The shrinkage vs. the temperature of each sample was recorded ( Fig. 7) , and two phenomena were systematically evidenced: (i) a first shrinkage (À65%) corresponding to powder reorganization linked to the application of the mechanical pressure, and (ii) most interestingly a second phenomenon observed in the range 100-175°C leading to a final shrinkage close to 78%. This second, separate phenomenon can reasonably be linked to a sintering/consolidation process, as discussed in Section 3.2.3.
XRD analyses indicated that samples heated at temperatures lower than 200°C were single-phased apatites (Fig. 2b and f) . In contrast, for samples treated by SPS at temperatures higher than or equal to 200°C, the presence of monetite CaHPO 4 (also referred to as DCPA, JCPDS No. 9-80) was detected as a minor secondary phase (peak at 2h = 26°, Fig. 2e ).
FTIR spectra obtained for the samples S25C-100 ( Fig. 4b ) and S100C-100 (Fig. 4c ) were found to be highly similar to the spectrum of the starting powder (Fig. 4a) . A detailed spectral analysis of the m 4 PO 4 3À vibration region indicated the presence of characteristic shoulders at 500-550 cm À1 that can be attributed to YPO 4 2À non-apatitic ions, therefore confirming the remaining presence of a hydrated surface layer for those samples. For S125C-100 (Fig. 4d ), S150C-100 ( Fig. 4e ) and S200C-100 (Fig. 4f) , similar observations were made concerning the conservation of a hydrated layer. However, differences appeared at 630-635 cm À1 , corresponding to the vibration of apatitic OH À ions, where an increased absorption was found when increasing the SPS dwell temperature (also observed for the OH À peak at 3570 cm
À1
). These observations reveal some slight modifications on the composition of the apatitic domains of the nanocrystals. For temperatures higher than or equal to 200°C, the presence of traces of pyrophosphate ions P 2 O 7 4À was also detected at 725 cm À1 (Fig. 4f for S200C-100 ).
Raman analyses (Fig. 5) confirmed the FTIR spectral observations for the above-cited samples: (i) a band at 3570 cm À1 related to apatitic OH À ions, with an intensity increasing with the dwell temperature, and (ii) a shoulder at 955 cm À1 assignable to nonapatitic phosphate groups (not observed for well-crystallized, stoichiometric apatites), confirming the conservation of the hydrated layer. In addition, Raman analyses allowed us to follow the relative extent of the hydrated layer as well as the hydroxylation of the apatitic phase. For this purpose, an adaptation of the method used by Nelson et al. for carbonate apatites [24, 25] was used. Raman spectra were fitted to extract the corrected area of each typical vibration. Two indexes were then calculated: (i) a ''hydrated layer" index (HLI) was drawn from the ratio between the non-apatitic m ). The variations of HLI and OHI vs. the dwell temperature are shown, respectively, in Fig. 8b and c. The HLI curve can be separated into two domains: a first domain for temperatures in the range 25-100°C where the index HLI is constant, around 0.35, showing that the hydrated layer remains stable and not degraded, and a second domain, beyond 100°C, where the HLI index sharply decreases, revealing the alteration of the nanocrystal's hydrated layer. Critical temperatures for this degradation appear to be in the range 100-125°C. The OHI curve also shows two distinct domains: between 25 and 100°C a first constant value of OHI is found (close to 0.03), which corresponds to the stability of the HLI index (and therefore of the non-stoichiometric apatitic domains), and a second domain above 100°C where the OHI index progressively increases with temperature. This second phenomenon points out the increase of the amount of apatitic OH À ions in the samples. It witnesses internal modifications within the nanocrystals due to the temperature rise, with a growth of apatitic domains (present in the core of the crystals) at the expense of the surface hydrated layer. The weight loss related to the elimination of water during SPS sintering was also followed (Fig. 8d) . Indeed, water molecules appear essential for the stability of the hydrated layer. The weight loss curve can be decomposed into 3 parts: (i) from 25 to 75°C no loss was detected and the sample phase was found to be similar to the initial powder phase; (ii) from 100 to 150°C a weight loss close to 1% was observed, coinciding with the degradation of the hydrated layer and the increased hydroxylation of the apatite phase observed above (see previous section) although no other phase was detected at this stage; and (iii) from 150 to 500°C an increasing weight loss was observed (from 1% to 8%), associated in part to the condensation of HPO 4 2À ions and the formation of pyrophosphates ions at temperatures above 200°C (see Figs. 2 and 6) . It has been shown that calcium pyrophosphate Ca 2 P 2 O 7 can form by thermal decomposition of monetite [28] (Reaction (1) ), corresponding to a water release:
This reaction corresponds to the observation of calcium pyrophosphate in the FTIR spectra; however, it accounts for %1% of the water loss assuming that all HPO 4 2À ions have transformed into pyrophosphates. Thus most of the water loss in this temperature range can be assigned to residual water molecules associated with the hydrated layer and some water molecules trapped in the structural defects of the apatite lattice. The bulk density of the consolidated samples is shown in Fig. 9 as a function of the SPS dwell temperature. The density of the starting non-stoichiometric apatite powder was first measured by helium pycnometry (2.53 g cm À3 ). The green densities of the samples were close to 0.35 g cm
À3
. An increase in density was observed with temperature from 75 to 200°C (2.3 g cm À3 at 200°C).
After treatment at 200°C, the density stabilized at 2.3-2.4 g cm
. The microstructure of selected samples was investigated by cryo FEG-SEM. Micrographs of the starting powder and consolidated samples S25C-100, S75C-100, S150C-100 are shown on Fig. 3a, d , e and f, respectively. The decrease in porosity observed as a function of the dwell temperature confirmed the densification previously measured. The observations of grains and nanostructure were, however, difficult because of the resolution limit of the microscope, so that grain size could not be measured precisely. Nevertheless, no grain growth was observed, but we noticed some modifications of grain shape: the rice-like morphology observed for the starting powder gave way to more rounded particles after sintering at 75°C. This microstructure change could be the result Fig. 3 . SEM micrographs performed on samples: (a) powder, (b) sample S150C-5, (c) sample S150C-50, (d) sample S25C-100, (e) sample S75C-100, (f) sample S150-100. of two possible mechanisms: (i) the decomposition of the particles and/or (ii) their mechanical fracture. Further, more detailed microstructural investigations will be performed in order to conclude on this point. X-ray diffraction (Fig. 2) carried out on the surface of the consolidated samples allowed us to obtain some determining microstructural information. Peak widths revealed low-crystallinity levels and/or the nanometer dimensions of the particles preserved after SPS sintering. Peaks widths were also found to depend on crystallographic orientation, which underlined the anisotropy of grain size (peaks (0 0 2) (0 0 4) or (0 0 l)) narrower than (h k 0)). Some peak intensities were found to systematically depart from those given in ICDD PDF card 9-432, suggesting a texturation effect after SPS treatment. This point was confirmed by the good agreement obtained for peak intensities after grinding the samples (see Fig. 2a, f and g ). Preferred orientations were evidenced at 2h = 26°(0 0 2), at 2h = 33°(3 0 0), at 2h = 39.5° (3 1 0) and at 2h = 53.5°(0 0 4). In order to estimate the textural effect, a texture index (TI) was calculated (Fig. 9 ) from the ratio of the peak area for line (0 0 2) and peak area for line (3 1 0). In these conditions, a low value of TI corresponds to crystallite c-axis parallel to the surface of the sample, and a high value corresponds to crystallite c-axis perpendicular to the sample surface. An important decrease of TI was observed (Fig. 9b ) from 75°C to 125°C, indicating that the crystallite c-axis (corresponding to the larger dimension of the grain) was more and more oriented parallel to the surface sample. The unidirectional pressure applied during SPS treatment is indeed bound to enhance such a textural effect, as the mechanical pressure will favor an orientation of the larger dimension of the grains (length) perpendicularly to the applied force (i.e. parallel to the surface of the sample).
BET specific surface area after consolidation (Fig. 9c) was also followed, and was found to decrease steeply with the SPS dwell temperature until 200°C, after which a stabilization of the surface area was found. Such a decrease in BET surface areas was already observed on apatite compounds by other authors [29, 30] but they attributed this reduction to the removal of impurities generated by chemical synthesis. In our case, we have previously demonstrated the stability of the nanocrystal's hydrated layer at temperatures lower than 100°C (at 100 MPa), and in this temperature range 25-100°C, no weight loss was recorded. The decrease in surface area could be here attributed to the development of solid-solid interfaces.
Influence of the mechanical pressure
In these experiments, the dwell temperature was set to 150°C and different values of the mechanical pressure were selected: 5, 25, 50 and 100 MPa (101.6 kN). Fig. 6b shows the obtained samples (before graphite elimination). The shrinkage observed as a function of time was registered, as previously, for each experiment (Fig. 10) . As for the temperature study, two phenomena were also observed here: (i) a shrinkage during the first minutes corresponding to powder reorganization, and (ii) a second shrinking phenomenon starting at t = 360 s (corresponding to 130°C), which could be linked to a sintering at low temperature. Those two phenomena were found to be dependent upon the applied pressure, their variations being in opposite directions: increased mechanical pressures led to a stronger effect for the first shrinking step while the second one decreased. Similar behaviors were already observed in the literature [10] when sintering under pressure was carried out.
XRD analyses performed on the surface of the consolidated samples (Fig. 2) indicated that the samples sintered at 100 MPa Fig. 4 . FTIR spectra of: (a) initial powder, (b) sample S25C-100, (c) sample S100C-100, (d) sample S125C-100, (e) sample S150C-100, (f) sample S200C-100, (g) sample S150C-5. (a) Stoichiometric hydroxyapatite.
(at 150°C) only showed a low-crystallinity apatite phase (Fig. 2f) . On the contrary, traces of monetite CaHPO 4 (DCPA) were found on samples sintered at lower pressures (peak at 2h = 26°, Fig. 2c  and d) , the amount of monetite increasing for decreased applied mechanical pressures.
Those observations were quite unexpected and were then investigated in further detail. FTIR spectroscopy performed on samples S150C-5 (Fig. 4g) , S150C-100 (Fig. 4e) showed highly similar spectra, pointing out some hydroxylation (m OH À band 630-635 cm
À1
) as compared to the starting powder. Monetite was not observed on the FTIR spectra despite its clear presence in the XRD diffractograms of sample S150-5. In fact, monetite appears difficult to detect by FTIR spectroscopy in the simultaneous presence of apatite.
The two Raman indexes (HLI and OHI) previously described were also calculated for each applied pressure (Fig. 11 ), but these parameters were only weakly influenced by pressure variations, indicating that pressure (in the observed range) had only a small effect on the stability of the hydrated layer and on the hydroxylation extent.
The weight loss measured after SPS consolidation was found to decrease (from 3% to 1%) for increasing applied mechanical pressures in the range 5-100 MPa. The high weight losses (>1%) can be mainly attributed to the loss of residual water associated with the hydrated layer as no pyrophosphate formation has been detected.
The variation of the density as a function of the applied pressure is shown in Fig. 12a . An increase of density (0.5-2.1 g cm À3 ) was observed for pressures from 5 to 100 MPa. The microstructure of some samples was analyzed by cryo FEG-SEM (Fig. 3b, c and f ) and compared to the initial powder (Fig. 3a) . A decrease in porosity was seen, confirming the density variation previously measured. However, no grain growth was observed although a modification of grain shape was noticed (decreased in anisotropy for increased pressures), but this modification was very weak at low pressure.
The comparison between temperature and pressure effects revealed that the grain morphology was noticeably more influenced by temperature than by pressure. A microstructural analysis was then drawn from XRD measurements (Fig. 2) for varying pressures, as it was done previously for the effect of the dwell temperature. However, in this case, only slight modifications of the crystallinity state and/or nanometer dimensions of particles, and of the anisotropy of grain size, were noticeable. The value of the texture index TI as a function of the applied pressure is reported in Fig. 12b . A strong decrease of TI was observed from 5 to 100 MPa, revealing for increased pressures a more pronounced orientation of the crystallite c-axis in a direction parallel to the surface sample. Such textural effect with pressure is, again, commonly observed when unidirectional pressure is applied on anisotropic grains [8] .
BET specific surface areas for consolidated samples were shown to decrease with increasing pressure (Fig. 12c) . This observation might be correlated to the decrease in pore diameters, as surface and pore size are generally linked. Pore diameters were also measured on each sample. The diameter at maximum Hg intrusion was drawn as a function of the SPS applied pressure (Fig. 12d) . The pore size distributions were monomodal except for the sample S150C-5 for which a bimodal distribution was observed (secondary maximum added in Fig. 12d for 5 MPa). This latter bimodal distribution could be explained by an intra-agglomerate porosity centered at 40 nm (main peak) and an inter-agglomerate porosity around 400 nm (secondary peak). The inter-agglomerate porosity was eliminated for pressures greater than 5 MPa, while the intraagglomerate pore diameters decreased from 40 to 8 nm with an increase of applied pressure. A reduction of inter-crystalline porosity is one of the advantages of sintering processes performed under mechanical pressure [8, 31] .
Discussion
Shrinkage phenomena were measured close to 15% between 100 and 160°C. The decrease in specific surface area and pore diameters were also recorded simultaneously as well as some extent of water loss. Those experimental and reproducible observations suggest strongly the reduction of solid/gas interfaces linked with a sintering effect. Three-point bending tests were carried out on two samples (30 Â 3.5 Â 4.1 mm 3 ) sintered at 150°C and 100 MPa. Flexural strengths were 16.2 MPa for the first sample and 10.3 MPa for the second sample. These values reveal a rather high mechanical resistance after SPS treatment also accounting for the effectiveness of consolidation and sintering [32, 33] . As with all other irreversible processes, sintering is accompanied by a lowering of the free energy of the system. The sources that give rise to this lowering are commonly referred to as the ''driving forces for sintering". Conventionally three possible driving forces: curvature of the particle surfaces, externally applied pressure and chemical reaction are involved in high-temperature sintering. These driving forces provide a motivation for sintering but the actual occurrence of sintering requires transport of matter, which in solids occurs by a process of diffusion involving atoms, ions or molecules. However, in our case, at the very low, unconventional temperatures involved, the thermal agitation factors are too weak for involving a direct atom's mobility like in high-temperature sintering, even at the surface of the material. It appears then that the persistence of a hydration layer is probably the additional feature allowing ion mobility and displacements. In addition to diffusivity allowed by an elevated ion, mobility within the hydrated layer present in the nanocrystals and the nanocrystalline nature of the crystals with many structural defects can also be probably considered. One may hypothesize at this stage that the surface hydrated layer could act as a secondary liquid phase, favoring liquid phase diffusion and sintering, which requires much lower activation energy than solid phase diffusion. However, the exact sintering process has still to be investigated.
Conclusions
Nanocrystalline apatites can successfully be consolidated by SPS. The high ion mobility reported previously within the hydrated layer present on such nanocrystalline apatites [3, 27] can probably explain the possibility of sintering/consolidating these materials at such low temperatures, since diffusivity is possible without the urgent need for thermally activated diffusion processes. In our case it may mostly involve surface mechanisms similar to liquid phase sintering. We showed that such biomimetic apatites with a preserved hydrated layer could be prepared if sintering conditions (temperature and pressure dwell) were adjusted. First, high pressures are required (e.g. 100 MPa) in order to limit water elimination and monetite formation. Second, at such pressures, the limit temperature (limited acceptable alteration of hydrated layer) was found in the range 150-200°C.
Microstructure studies revealed the existence of preferred orientations for the acicular grains, and a modification of grain shape (less acicular) upon temperature and/or pressure increase. A reduction of inter-and intra-agglomerate porosity was also evidenced in such conditions. This physico-chemical study sheds more light on the possibility of consolidating biomimetic apatites by SPS at low temperatures while retaining the initial advantageous characteristics of the powder (nanosized crystals, preserved hydrated layer, non-stoichiometry). It enabled us to follow quantitatively the evolution of several physico-chemical parameters and to distinguish the roles of temperature and mechanical pressure in view of bone regeneration applications. The evaluation of the mechanical and biological properties of such low-temperature consolidated materials is now in progress.
